Electron cyclotron resonance heating (ECRH) is superimposed on a linear cylindrical helicon plasma in the Large Mirror Device-Upgrade (LMD-U) to study the fluctuation characteristics of high density helicon plasma with/without ECRH injection. The radial profiles of electron density and electron temperature rose by < 10 %, and the drift wave frequency decreased with the ECRH injection. Bicoherence analysis reveals that the nonlinear interaction between drift waves and broad frequency band components exists with or without ECRH injection.
Introduction
Plasma transport across a magnetic field is strongly affected by low-frequency fluctuations, e.g., drift waves, the frequency of which is much lower than the ion cyclotron frequency [1] . Many laboratory linear plasma experiments have been conducted to determine the basic physics of lowfrequency fluctuation turbulence, e.g., the drift wave turbulence [2] [3] [4] [5] [6] [7] [8] [9] [10] . The nonlinear self-regulation mechanism of drift wave turbulence has been examined to clarify the dynamics of the structural formation of plasma turbulence (refer, e.g., reviews [11, 12] ). For a comprehensive understanding of this mechanism, it is important to observe the nonlinear interaction between fluctuations in a wide parameter range in turbulent plasma. Electron cyclotron resonance heating (ECRH) is considered a useful tools for varying the function by controlling T e in toroidal plasmas. In laboratory linear plasma experiments, helicon waves are usually used to produce high-density, low-temperature plasmas. Despite the effectiveness of ECRH, its impact on fluctuations in linear cylindrical plasma has not yet been reported. In this paper, we superimposed ECRH on helicon plasmas in the Large Mirror Device-Upgrade (LMD-U) [8] [9] [10] 13] . The fluctuations are measured to examine turbulence in the plasma. Changes in the fluctuation spectrum and nonlinear interaction among fluctuations were observed in the ECRH-injected plasma.
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Experimental Setup
At one end of the LMD-U device, a conventional helicon source with a frequency of 7 MHz and rf power of 3 kW is installed for plasma production. The LMD-U plasma source uses a double-loop antenna. The antenna is wound around a quartz tube, 40 cm long with a 10 cm inner diameter. The LMD-U has a vacuum vessel 374 cm long and 45 cm in diameter [ Fig. 1 (a) ]. At the opposite end of the device, a microwave launcher with a frequency of 2.45 GHz and microwave power of 0.8 kW is installed. Any mismatch of the microwaves is compensated for by using an automatic tuner system. In this study, argon gas is used with a pressure of 2 mTorr. The plasma parameters were measured with a Langmuir probe and a 64-channel probe array [9] , which deduce the spectrum S (m, f ), where m is the poloidal mode number. The radial profiles of the mean plasma parameters are obtained from the currentvoltage (I-V) characteristics of the movable double probe. A magnetic field strength B of up to 0.15 T is generated by the coils around the vacuum vessel. The magnetic field configuration is adjusted so that the resonance layer (B = 0.0875 T) is located around the axis position z = 230 cm.
Here, z = 0 shows the position of the boundary between the cylindrical vacuum chamber and the helicon source. The magnetic configuration is different from that used in previous research [8] [9] [10] 13] in the LMD-U [ Fig. 1 (b) ], and thus the plasma features differ from the those previously observed, (e.g., the radial profiles of plasma parameter and the poloidal structure).
Experimental Results
A typical time evolution of ion saturation current I is at r = 4 cm and z = 177.5 cm is shown in Fig. 2 (a) . The helicon discharge is sustained for 0.5 s. ECRH is injected from t = 0.15-0.4 s. Figure 2 Here, m means the poloidal number; the frequency resolution is 61 Hz, and the number of ensembles are 30. Multiple peaks appear in these spectra. A peak at (m, f ) = (1, −1 kHz) is observed with and without ECRH. In the helicon discharge phase, three peaks are located at (m, f ) = (1, 3.1 kHz), (3, 5.3 kHz) and (2, 6.3 kHz). In the ECRH injection phase, the peaks are observed at (m, f ) = (1, 2.7 kHz), (3, 4.1 kHz) and (2, 5.1 kHz). The frequencies of the m = 1, 2, and 3 modes change with ECRH injection. Figures 3 (a) -(c) show the radial profiles of electron density n e , electron temperature T e and the floating potential V f . The maximum n e increases from 0.9 × 10 13 cm −3 to 1 × 10 13 cm −3 and the maximum T e changes from 2.4 eV to 2.5 eV with ECRH injection. The value of −∇n e /n e has a maximum at r = 3-4 cm in both phases.
Mode identification
The main instabilities are (m, f ) = (2, 6.3 kHz) in the helicon discharge phase and (m, f ) = (2, 5.1 kHz) in the ECRH injection phase. We call these instabilities H1 and E1. These two observed modes are identified as drift waves by comparison with the general characteristics of , these peaks also have the general characteristics of drift waves. Thus, these results suggest that the drift wave modes H1 and H2 are transformed to modes E1 and E2 with ECRH injection. We investigate the nonlinear interaction between drift waves in each phase using bicoherence analysis [15] . Figures 4 (a) and (b) show the results of the squared autobicoherence of I is . The frequency resolution of the bispectrum is 122 Hz. To optimize the statistics, these squared auto-bicoherences are calculated using 200 ensembles. The graph is symmetric with respect to the line f 1 = | f 2 |. In the helicon discharge phase [ Fig. 4 (a) ], peaks are found along the lines 1 f 1 ∼ 6.3 kHz, 2 f 2 ∼ −6.3 kHz, 3 f 1 + f 2 ∼ ±6.3 kHz and 4 f 1 ∼ 1 kHz. Strong peaks on these lines indicate strong nonlinear interaction between a drift wave at 6.3 kHz and the broad frequency band components at frequencies above 12.6 kHz [shown as lines 1 and 2 in Fig. 4 (a) ]. This suggests that the energy of drift waves and that of the high-frequency components might be mutually exchanged. Similarly, in the ECRH injection phase [ Fig. 4 (b) ], nonlinear coupling between drift wave ( f = 5.1 kHz) and broad frequency band components ( f > 10.2 kHz) occurs. Nonlinear coupling between drift waves and the mode (m, f ) = (1, −1 kHz) occurs in both phases. Although a strong nonlinear interaction between the (m, f ) = (1, −1 kHz) mode and the broad frequency band components ( f > 5 kHz) in the helicon discharge phase [ Fig. 4 (a) ] occurs [for example, line 4 in Fig. 4 (a) ], the same type of nonlinear coupling weakens in the ECRH injection phase [ Fig. 4 (b) ]. Summarizing these results, the drift wave interacts directly with broad frequency band components in both phases. However, the mode (m, f ) = (1, −1 kHz) has a different nonlinear coupling with the broad band components in each phase. Differences in these radial profiles are small as shown in Fig. 3 , however, some changes in the fluctuation spectrum and bicoherence results are significant. Similar phenomena have appeared in other studies [7] . Thus, a few changes in the radial profiles of plasma parameters might lead to differences in the frequency spectrum and nonlinear interaction among modes.
Discussion

Comparison between observed and numerical results
The observed frequencies of E1 and H1 are significantly smaller than the real drift frequency f * = ω * /2π = 18 kHz (m = 2) in the helicon discharge phase, and f * = 27 kHz (m = 2) in the ECRH injection phase at r = 3-4 cm. These frequencies are below the ion cyclotron frequency f ci = Ω ci /2π ∼ 33 kHz. As mentioned above, the observed drift frequency ( f = 5-6 kHz) are significantly smaller than the real drift wave frequency. We consider the cause of this difference. The E × B drift frequency and/or the effect of collision are considered the most likely candidates. The E × B drift frequency is obtained from the radial electric field E r (= −∇V s ). Here, the profile of space potential V s can be estimated from the equation V s = V f + αT e [16] . The E × B drift (r ∼ 4 cm) are f E×B = (m/r) (v E×B /2π) ∼ 3.7 kHz (helicon discharge phase) and ∼ 4 kHz (ECRH injection phase) (m = 2) in the electron diamagnetic direction. The effect of the Doppler shift is smaller than the difference between the observed frequencies and the real drift wave frequency f * . Next, we calculate the collision drift frequency using the local dispersion relation model (the Hasegawa-Wakatani model [17] ), which takes into account the effects of electron collisions and ion-neutral particle collision. The plasma parameters are taken from experimental observations (m = 2, n = 1, ν e /Ω ci = 250 and ν in /Ω ci = 0.4). Here, ν e (= ν ei + ν en ), where ν ei , ν ei and ν in indicate the electron collision, electron-ion collision, electron-neutral particle collision and the ion-neutral particle collision frequencies, respectively [18] . The numerical results show that the calculated collision drift wave frequency is close to the observed drift wave frequency ( f = 5-6 kHz). The E × B drift frequency is not taken into account in this calculation.
Finally, we assume that these differences between the observed frequencies and the real drift frequency f * are the result of collisions since the frequency of the collisional drift mode depends strongly on the effects of collisions, ν ei , ν en and ν in which decrease the real drift wave frequency, as shown in Ref. [17] .
Comparison of drift wave frequencies in each phase
Next, we compare the observed drift frequencies in the helicon discharge and ECRH injection phases. The observed drift frequencies decrease from 6.3 kHz to 5.1 kHz (m = 2) and 5.3 kHz to 4.1 kHz (m = 3) with ECRH injection. The differences between these frequencies is about 1.2 kHz, which cannot be explained by the difference in Doppler shifts between two phases. To confirm this accurately, it is necessary to measure the distributions of neutral particle density and ion temperature (which is related to ν in ) experimentally. The fact that the frequency of mode (m, f ) = (1, −1 kHz) remains in both phases, and the identification of another mode (m, f ) = (1, 2.7 kHz) in the ECRH injection phase, are left for future study.
Summary
In this study, ECRH is superimposed on a linear cylindrical helicon plasma in the LMD-U to investigate the fluctuation characteristics of a combined ECRH-helicon plasma. ECRH injection changes the auto-power spectrum and the radial profile of plasma parameters; for example, the drift wave amplitudes change, the frequencies decrease, and n e and T e increase. The main modes, (m, f ) = (2, 6.3 kHz) in the helicon discharge phase and (2, 5.1 kHz) in the ECRH injection phase are identified as drift waves by comparing the experimental results and the general characteristics of drift waves. These results suggest that the high collision frequencies ν e and ν in cause the decrease from the theoretically estimated drift wave frequency to that observed. In addition, bicoherence analysis reveals that nonlinear interaction between the drift waves and the broad frequency band components occurs in both phases. However, a strong nonlinear interaction between the mode (m, f ) = (1, −1 kHz) and the broad fre-quency band components ( f > 5 kHz) in the helicon discharge phase weakens with the ECRH injection. These findings allow us to investigate experimentally the relevant dynamics, including excitation, saturation, and damping of the fluctuations, which will be reported in future work.
